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Abstract 

In the scenario recently proposed by Arkani-Hamed and Dimopoulos, the supersymmetric scalar 
particles are all very heavy, at least of the order of 10 9 GeV but the gauginos, higgsino, and one of 
the CP-even neutral Higgs bosons remain light under a TeV. In addition to gluino production, the 
first SUSY signature would be pair production of neutralinos and/or charginos. Here we study, 
with explicit CP violation, the production of neutralinos and charginos at hadronic colliders as 
well as the possible decay modes. We notice that the branching ratio of the neutralino radiative 
decay can be sizable unlike the case with light sfermions. In particular, the decay of X3 — ► Xi7 
has a branching ratio of the order 0(1) percent. In colliders, it would give rise to signatures of an 
isolated single photon plus missing energy. 

PACS numbers: 12.60.Jv, 14.80.Ly, 13.87.Fh 



1 



I. INTRODUCTION 



Supersymmetry (SUSY) is one of the most elegant solutions, if not the best, to the 
gauge hierarchy problem. It also provides a dynamical mechanism for electroweak symmetry 
breaking, as well as a viable candidate for dark matter (DM). Conventional wisdom tells 
us that SUSY must exist at the TeV scale, otherwise the fine tuning problem returns. 
Unfortunately these weak scale SUSY models, represented by the minimal supersymmetric 
standard model (MSSM), also have a number of difficulties such as SUSY flavor and CP 
problems, and the light Higgs boson. For the past two decades, particle theorists have made 
every effort to rectify the problems. Recently, Arkani-Hamed and Dimopoulos [l| adopted 
a rather radical approach to SUSY: they discarded the hierarchy problem and accepted the 
fine-tuning solution to the Higgs boson mass. They argued that much more serious fine- 
tuning is required for the observed small cosmological constant. If the cosmo logical constant 
problem is to be explained by the anthropic principle 0] , an enormous number of metastable 
vacua, usually called the vast landscape of string theory vacua, are essential. Fine-tuning in 
the Higgs boson mass is more natural in this anthropic landscape [3] • 

Once we accept this proposal the finely-tuned Higgs boson mass is not a problem anymore. 
More concerned issue is to find a consistent set of parameters satisfying the following obser- 
vations: (i) the refined result of the DM density to be Odm^ 2 = 0.094 — 0.129 (2a range) by 
Wilkenson Microwave Anisotropy Probe (WMAP) (ii) sub-eV neutrino masses; and (iii) 
cosmological constant. The last one is accepted as an extremely fine-tuned principle. The 
second observation requires heavy right-handed neutrinos of a mass scale of 10 n ~ 13 GeV; 
it does not have appreciable effects on electroweak scale physics. The first observation, on 
the other hand, requires a weakly interacting particle of mass ^ 1 TeV, in general. It is this 
requirement which affects most of the parameter space of the split SUSY scenario 0, 0| . 

The split SUSY scenario can be summarized as follows: 

1. All scalars, except for a CP-even neutral Higgs boson, are super heavy, for which a 
common mass scale in is assumed around 10 9 GeV to Mqut- Dangerous phenomena 
such as flavor-change neutral currents, CP- violating processes, and large electric dipole 
moments in the MSSM become safe. 1 



1 There is another source of CP-violation as pointed out in Ref. 
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2. The gaugino and the Higgsino masses (the /i parameter), which can be much lighter 
than rh due to an R and a PQ symmetry, respectively, are assumed near the TeV scale. 
Light supersymmetric fermions have additional virtue of gauge coupling unification as 
in MSSM, as well as providing a good DM candidate. 



3. A light Higgs boson is very simi 
heavier than that of the MSSM 



ar to the SM Higgs boson, but could be substantially 

mm. 



4. The DM density requires sufficient mixing in the neutralino sector, so that the lightest 



12j. In most cases, the \i parameter is 



neutralino can efficiently annihilate 
relatively small. 

Super heavy masses of SUSY scalar particles practically close off many neutralino annihi- 
lation channels, resulting in smaller annihilation cross section than that in MSSM. Giudice 



and Romanino 131 , Pierce 



0, 



and Masiero et al. identified three interesting regions of 



the parameter space where the split SUSY model can accommodate the WMAP data on the 
DM density. 

(i) The lightest neutralino is mostly a Bino, but with a substantial mixing with the Hig- 
gsino: fi is comparable to M±. This is because the Bino interacts only with the Higgs 
and Higgsino when all sfermions are super heavy. Substantial mixing can guarantee 
efficient annihilation of the Bino into Higgs or Z bosons. The WMAP data allow the 
gaugino mass parameters as low as the current lower bound. 

(ii) The second region is where the LSP is mostly Higgsino with Mx s 2 ^ A*- I n this case, 
the Higgsino LSP annihilates via gaugino-Higgsino-Higgs and Higgsino-Higgsino-gauge 
couplings. Note that the lightest chargino and the second lightest neutralino are also 
predominately Higgsino since \i <C Mi^, and thus degenerate in mass with the LSP. 
Efficient annihilation and co-annihilation require a rather heavy LSP mass fi ~ 1 — 1.2 
TeV for the LSP to be the DM. 

(iii) The third region is the wino LSP in anomaly mediation and in this case < Mi,/i. 
Neutral wino can annihilate efficiently via an intermediate W*, even in the absence of 
sfermions. Thus, a rather heavy wino with M 2 — 2.0 — 2.5 TeV is required to account 
for the dark matter density. 
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The last two cases require a rather heavy LSP. Therefore, the chance of observing supersym- 
metric partners at colliders diminishes as the gluino would be even heavier than 2-3 TeV, 
though it is not impossible. Thus, we concentrate on the phenomenologically more interest- 
ing case where Mi ~ fi ~ Mew- Note that once we impose the condition of gaugino-mass 
unification, M 2 — 2Mi at the weak scale. The current chargino mass bound is almost 104 
GeV Qj. If converting to the bounds on M2 and /i, both M2 and \x larger than 0(100) GeV 
should be consistent with the bound. We do not specifically state the bound on Mi and /i, 
but 0(100) GeV should be very safe for Mi and \x with the chargino mass bound. 

The detailed phenomenological study of the split SUSY scenario, especially focused on 
high energy colliders, is crucial to clarify the basic structure of the scenario. As pointed out 
in Ref. Q], the first unique feature is the stable or metastable gluino. It may give rise to 
stable charged tracks 
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161 ] or gluinonium 17[ signatures. We focus on the neutralino 
pair, chargino pair, and neutralino-chargino pair production, and their decays at hadron 
colliders. These production channels may be the only accessible ones if the gluino mass is 
more than 3 TeV. There have been some studies of chargino and neutralino production at 







e e + colliders |l8l] and at hadron collie ers |1J] . Some variations on split SUSY were also 



studied, e.g., taking /i to be very large jl9j, taking gauging masses to be very large |20j], or 
even taking /1 and all gaugino masses to be very heavy |2l|. 2 Note that the phenomenology 
of split SUSY is rather similar to those of focus-point SUSY 22j, except for the gluino 
phenomenology. There is also the PeV scale SUSY scenario [2^. 

At hadron colliders, the production of xlxp xlxt: an d xt Xj is mainly via the Drell- 
Yan-like processes with intermediate PU*,7*, or Z* exchanges as in the usual MSSM. The 
t-channel exchanges via q, i are virtually absent. On the other hand, the decays of the 
neutralino XjU > 1) an d chargino would be quite different from the MSSM case. With 
super-heavy sfermions the decay of the heavier neutralino x°j a lighter neutralino Xi 
plus // is mainly via an intermediate Z* (the Higgsino component only) instead of a /. 
Another channel of importance is Xj ~^ xfW* — > xtff'- We also have x!j ~* Xi^^ ~^ 
X° + {bb or WW*). Finally, we note that the branching ratio of the radiative decay x° — > x°7 
can be sizable unlike the case with light sfermions. Phenomenologically it leaves clean signal 



2 The last scenario was called supersplit supersymmctry which appeared in arXic.org on April fool's day. 
It is equivalent to the SM. 
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at the LHC, consisting of a high-energy single-photon plus missing energy. Particularly in 
the parameter region where is comparable to Mi, the radiative branching ratio would be 
maximal. The chargino decays mainly through \ t ~ > Xi + W* — > \°i + //'• By combining 
the phenomenological studies on neutralinos and charginos, as well as those of gluino, one 
may be able to distinguish the scenarios of split SUSY, PeV scale SUSY, or focus-point 
SUSY. 



Improvement over previous studies 




can be summarized as follows. 



1. We include all decay modes of neutralinos and charginos, in particular, the radiative 
decay mode. It gives rise to a single-photon plus missing energy signal. Experimentally, 
it is very clean. 

2. We include the CP- violating phases in Mi and \x in order to examine the effect of the 
CP phases on the decay of neutralinos. 

3. We calculate the photon transverse momentum and missing transverse momentum 
distributions for the single-photon plus missing energy events, which mainly come 
from the decay of x% — > Xil- 

The organization of this paper is as follows. We describe the general formalism and 
convention in Sec. II. We calculate the decays and production cross sections for neutralino 
and chargino pairs in Sec. Ill and IV, respectively. We conclude in Sec. V. 



II. GENERAL FORMALISM OF NEUTRALINOS AND CHARGINOS 



The neutralino and chargino sectors are determined by fundamental SUSY parameters: 
the U(l) and SU(2) gaugino masses Mi and M 2 , the Higgsino mass parameter /i, and 
tan/3 = Vi/v\ (the ratio between the vacuum expectation values of the two neutral Higgs 
fields). The neutralino mass matrix in the (B, W\ H?, H®) r, basis, where the subscript L 
denotes the left-handed chirality of neutralinos, is |2J] 

/ Mi -m.„r n * T „ m.„* a s„ r \ 

M 2 

-mzcpsw rn z cpcw 



M 



N 



-m z c s w mzspsw 
m z cpc w -m z spc w 
-fi 



y mzSpSw -m z spc w -/i 







(1) 



/ 



where sp = sin/3, cp = cos (3 and sw,cw are the sine and cosine of the electroweak mixing 
angle 9w- Since A4n is symmetric, one unitary matrix iV can diagonalize the A4n such that 
M-diag — N*A4 N N^. The Majorana mass eigenstates are 

{%,%,%,®1 = n(b,w*Mh°) t l . (2) 

The mass eigenvalues m^o (i = 1,2,3,4) in Aidiag can be chosen positive by a suitable 
definition of the unitary matrix N. 

The chargino mass matrix in the (W~, H~) basis is 

M 2 V2m w cos (3 
M c =\ | , (3) 

y2m w sin (3 \x 

which is diagonalized by two unitary matrices 3 through UrA4cU l = diagfm~± , m~± ) . The 
unitary matrices Ul and Ur can be parameterized in the following way |25| |: 

cos 4>l e~ lf3L sin <pi \ I e' 71 cos6r q^i-Pr) s j n ( p R 

Ul = | J , Ur — I | . (4) 

— e J/3i sin0 L cos0l / \ — e^ 72+/?H ^ sin fi e* 72 cos0^ 

In CP-violating theories, the mass parameters are complex. Since M 2 can be taken real 
and positive by rephasing the fields suitably, the split SUSY scenario allows only two CP- 
violating phases of M\ and /i: 

M l = \M X \ e^ 1 and \i = e**" (0 < $i, $ M < 2tt) . (5) 

The universal gaugino mass relation at the GUT scale implies at the weak scale 

\Mx\ = - tan 2 9 W M 2 ~ 0.502M 2 . (6) 

The five underlying SUSY parameters { | Af 1 1 , $i, tan /?} determine the mass spectrum 

and couplings of the neutralinos and charginos. 

The interaction Lagrangian relevant for the production and decay of neutralinos and 



Ul and Ur are related to U and V in Haber-Kane |26| notation by V = U R and U = Ul- 
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charginos are expressed in 4-component form as 

i ot,i,j 

-9 E S i nh Wih° ~ 9 £ QTiW^h* 

i i<j 

-9 E 0*? xf T^X?^ + H.c. 

-9 E «3? WP«$H- - g E QS? XT^X?G- + tf.c. , (7) 

where a — L,R, Pr^l = (1 ± 7 5 )/2, i,j = 1,2 for the chargino and i,j = 1, • • - 4 for the 
neutralino. 4 Here H~ is the charged Higgs boson and G~ is the charged Goldstone boson. 
In the non-linear gauge used in the calculation of the radiative decay, the has the 
mass of mjy, of which the contribution is important. The detailed expressions for various 
couplings Q a ij are listed in Appendix. 

III. DECAYS OF NEUTRALINOS AND CHARGINOS 

In general, the production cross section of gaugino-pair in split SUSY is smaller than 
the case with light sfermions. It brings a challenge to experimental search of gauginos. At 
the LHC, the gluino-pair production is dominated by the gg-initiated subprocess, which 
stays the same as in the MSSM. (Though the gg-initiated subprocess changes, it is very 
small compared with gg-initiated one.) On the other hand, the detection is very different. 
Gluinos so produced would be detected as massive stable charged particles 1^ or 

as a gluinonium ^3] • Even though the detection of heavy meta-stable gluinos alone can 
strongly support the split SUSY scenario, it cannot provide any more information on the 
fundamental SUSY parameters involved in the neutralino and chargino sectors. Even with 
small production rates, the decays of neutralinos and charginos in split SUSY are to be 
studied in detail. 

In split SUSY, the chargino decay is very simple. It would decay into giving rise 

to a single charged lepton or two jets plus missing energy. On the other hand, the heavier 
neutralino x°j have a few more decay modes. 



Note that x is considered as a particle, contrary to the Haber and Kane notation. 



7 



X°j ~^ X4Z ~^ xlUj/^i giving rise to a couple of jets or charged leptons plus 



missing energy. 



X°j -> Xih^ -> If the Higgs boson is lighter than about 125 GeV, it 

decays dominantly into bb. With rrih > 130 GeV the WW* mode becomes important, 



rich is possible because the Higgs mass can be substantially larger in split SUSY 



wnicn is pc 



Xj — ¥ xfW T ^ — > Xi ff - This mode happens when the heavier neutralino is heavier 
than the lightest chargino, especially, in the region where the \i parameter is smaller 



than M 2 . 

* X^j ~ * X4I |27| . This mode goes through the chargino- W loop, as the loops involving 
sfermions are highly suppressed. This decay mode gives a single photon and missing 
energy. 

The expressions for the decay rates of first three decay modes are greatly simplified in split 
SUSY. We give the formulas for various decays of the neutralino \°j Xi- Note that for 
decays of x° 4 they may go through x° before they end up in Xv 

A. Two body decays of x°j -> Xd Z , X°h°, xfW T 

For simplicity we introduce some short-hand notation of 

V m ~A J \ m ^J 

where X = Z, h°, W ± . If m^o > m~o(±) +mx, X°j decays into a lighter neutralino or chargino 
associated with the X boson. The total decay rate is then 

A 1/2 (l,A%-,/ixi) 



r $ - rr'x = J ] \m i 2 , (9) 

±071171^0 

K 3 



s 



where A(a, b, c) = a 2 + b 2 + c 2 — lab — 26c — 2ca and \M.\ 2 is the spin-average amplitude 



squared. For each decay mode \M.\ 2 is 



\M\ 2 (x°^x°z) 



g 2 ml 

A. 7 



(Wl a + l^l 2 ) {^^^ + 1 + w - ( 10 ) 



{\Qr*\ 2 + \QTS\ 2 ) (i + 



M\ 2 (x»^x; W + ) = \M\ 2 (x^xtw-) 



(ii) 



'12) 



cnW 1 2 , I /^cnW 1 2 
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fly 



'i - MijQ 



1 + — 2/ivyj 



B. Three body decays of x°j Xi' //^ 

If m^o < m~o(±) + mx, the decay will proceed into Xa^ ff^ via a virtual Z*, W 7 * or h*. 
The differential decay width is given by 

dY N cm^o 



\M\ 2 , 
dxfdxf 256?t 3 



(13) 



where Nc is the color factor of the fermion / and the kinematic variables are defined in the 
rest frame of x°j by 



2E f 



2E 



, Xf — 



. X% — 2 X ^ X 



f ■ 



(14) 



The integration range of xj and xj are, with the definition of fif(j) = 777, /( f) / "^^p , 



2 VP? ^ x f ^ 1 + n - Pi - ft] - V/w 



(15) 



where 



Xf ^ < Xf < Xf 



Xfm 2(1 - Xf + N ) 



(2 - x f ){l + /// + Hf - IHj - x f) 
± V ( x / ~ 4 / i /) A (l + Pf ~ x /' A*ij) 



(16) 
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The spin-average amplitude squared for each decay mode is 



(17) 

9 4 M\ 2 + \9 f R \ 2 )4 [{(x f + z f )(l - to) -x)- xj}(\QZf\ 2 + |Q^| 2 ) 

nnZ/onnZ* ^ 



-4^(1 + to - Xi)MQutQR4 

JW^X^X^^^bb) 



(18) 



g mi sin a ^ 2 
4mL cos 2 /? 



4(1 + /xy - - 2^) [xidQlfl 2 + |g^ h | 2 ) + 4V^^e(g^Q^*)] , 



\M\ 2 ($^X-W*^x-ff') 

= g% [x f (l - to ~ *f)\Q C L™\ 2 + - AH," - 

■jcnV 



cnW|2 



-2^(1 + ^-^)^^^ 



where the propagator factor dx, with X = Z, h°, W, is 



dt 



Xi 



(Pf + Pf) 2 ~ m X 1 + A*ij flXj ' 

Here the chiral couplings of the fermion / to the Z boson are given by 



9r 



r = ~ s wQf, 9l = ( t ()l ~ s 2 w Q f 



(19) 



(20) 



(21) 



where (T()l is the third component of the isospin and Qf is the electric charge. 



C. Radiative decay 

In split SUSY, the radiative decay of neutralino, Xj — > x°7, may have a substantial 
branching fraction as the other decay channels are limited to $ -> x-Z^, x] -> and 
Xj ~^ X.fW T (*\ As discussed in Ref. J^tJ, the radiative neutralino decay proceeds through 
triangle diagrams mediated by the //, x^W^, X^H^, and x^G^ loops in the non-linear 
gauge where the charged Goldstone boson G ± has the same mass as mw- In split SUSY, 



• 127] i 



only W ± - and G ± -mediated diagrams contribute. We expand the results of Ref. 1231 into 
the CP-violating case, and examine whether CP-violating phases can enhance the radiative 
decay rate of neutralinos. 
For the decay of 

53(p)-#(*i)+7(*2), (22) 
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the matrix element is, in general, given by 



M = — «(A;i) (g v + g a >y 5 ) fafu(p) , (23) 



A,' 



where e denotes the polarization 4-vector of the photon, and the radiative decay width of 
X® can be easily calculated as 

(m~o — m~ ) 3 

rcg - X°7) = (kl 2 + kl 2 ) • (24) 



27| , the coupling of the incoming neutralino \°j to the particles in 



In the notation of Ref. 
the loop is denoted by 

F X = f?P L + f$P R , (25) 
and the coupling of the outgoing neutralino x° by 

G x = g x P L + g*P R , (26) 

where X = W ± , G^ 1 and —ig^^{—ig) is omitted for the W ± {G ± ) loop respectively Explicitly 
we have 



J a — ^akj > 9a ~ Waki ) ' l z 'J 

fG /QcnG G I r\cnQ\* 

J a ~ Vafej i g a — \ycaki) > 

where a = -R(L) for a = L(R). The helicity amplitude in the CP- violating cases is 



M= Y, —jf&WlSv + 9Al*)hfu(p) , (28) 



X=W,G x j 
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where gy A are given by 



$ = i £ [to*(9Yf? + 9rSr) Ho(/ 2 -J-K)- m%m%(J - K)) (29) 



fe=l,2 



2m*»m& Qm(g?f% + g^ff) J 



9a = Y1 [^<9Lf^-9lfI){rnlo(h-J-K)+m^o(J-K)} 

k=l,2 



fc=l,2 



^ = "I E [M9ffZ-9tfi){rn^h-K)-m^m n K] 



The radiative decay width is 



k=l,2 

+ m^om~± $le(g L f L - g R f R )I 



3 (m|o - m| ) 3 

+ *' 5 * , (30) 

3 



"W X° 



8vr 2 sin^ 

where gy,^ = gy^. The loop integrals J, J2, J, if are the same as in Ref. |2 
D. Numerical Results of neutralino decay rates 

Focusing on the parameter space of \\x\ compatible with Mi, we consider \\x\ G [160, 230] 
GeV for M\ = 200 GeV. With the gaugino mass unification condition of \M\\ ~ 0.502M 2 , 
the mass hierarchy among the neutralinos and charginos is then m^o < m~± < m^o < m^o . 

First, we compute the partial decay widths of X2 an d x\ i n the CP-conserving case 
($1 = $ M = 0) in Figs, d and respectively. Considering the trigger strategy at the 
LHC, we separate the electron and muon signal from other fermion signals. The notation 
of Ylff^ includes all appropriate fermions /, /' except for e ± and / u ± . In the decay of 
X21 the majority comes from X2 ~ * Xiff y i a an on-shell or a virtual Z. It is followed by 
X2 ~ > X ff y i a an on-shell or a virtual W. The radiative decay width is down by 3 orders 
of magnitude from X2 ~* Xi^ ~~ * Xiff i n the range of \i that we are interested in. Figure 
E] shows the partial widths of x\- A substantial mass difference between m^o and m~- for 
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FIG. 1: Partial decay widths of xl for M x = 200 GeV and tan/? = 10. All the CP violating phases 
are set to zero. ^ //" includes all possible SM fermion pairs except for and ^ involving pairs. 




160 170 180 190 200 210 220 230 



M 

FIG. 2: Partial decay widths of \l for M\ = 200 GeV and tan/3 = 10. All the CP violating phases 
are set to zero. 

compatible with M\ leads to the dominant decay mode into X ff' an on-shell or a 
virtual W. It is followed by x® — > X^ffi which drops off quickly when fi increases. 

A special dip (around ~ 178 GeV with M\ = 200 GeV) shows up in the decay width of 
xl —> X\Z^ —> Xiff- This is because of a cancellation in the factor (N 13 N 33 — N U N 34 ) of 
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FIG. 3: Radiative decay branching ratios for \\ an d X% with = 200 GeV and tan/3 = 10. All 
the CP violating phases are set to zero. 

the X3-X1-Z coupling. The radiative decay width of X3 ~^ Xil is relatively much larger than 
in the case of x%- This is the mode that we want to make use of in the collider study of X3 
in split SUSY. Since the masses of X3 an d Xi cannot be degenerate, the outgoing photon 
is quite energetic. A single-photon plus missing energy event search is possible provided 
that the branching ratio is large enough. We show the radiative decay branching ratios for 



70 







Xi7> X3 



X^ili and X3 ~^ X2I i n Fig. El The branching ratio for X3 ~^ X2I * s much 
smaller than the other two. With increasing BR(x2 ~~ > Xil) moderately decreases while 
BR(xg — > Xil) increases rather rapidly. 

Finally, we examine the dependence of CP-violating phases on the neutralino radiative 
decay. The effect of $1 is quite weak, as expected, since Mi is involved only in the neutralino 
mass matrix. On the other hand, the $ M dependence is rather strong. The \x parameter 
affects both the neutralino and chargino sectors, and the -W^ coupling in the loop. 

We compute the $ M -dependence on the radiative branching ratios of X2 an d X3 i n Fig- IH 
and Fig. El respectively. Three cases of = 180, 200, 220 GeV are considered. Figures |U 
and El clearly show the CP-phase sensitivity of the neutralino radiative branching ratios. As 
can be seen in Fig. El the BR(xg — > Xil) can be enhanced by a factor of about four with 
\fi\ = 220 GeV at $ M = n. In most cases, the maximum of radiative branching ratios occurs 
at $ M = 7r, i.e., negative /x. We also see the tan/3 dependence by plotting BR(%3 — > Xil) 
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FIG. 4: Radiative decay branching ratio of ~^ Xil as a function of ^ (in unit of 7r) for 
Mi = 200 GeV and tan/3 = 10. Three cases for \fj,\ = 180, 200, 220 GeV are shown. 

for tan/3 = 50 and \fi\ = 220GeV in Fig. At $ M = 0, larger tan/3 enhances the radiative 
branching ratio by a factor of about two. However, at $ M = ir where the radiative BR is 
maximized, tan/3 = 50 case has smaller BR, about half of that with tan/3 = 10. In Fig. 
H3 we show the variation of the branching ratio versus negative \x. It is now clear that at 
fi = —220 GeV, a branching ratio about 1.68% can be obtained for the radiative decay 
x\ — ► Xil with tan/3 = 10. 
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IV. PRODUCTION OF NEUTRALINOS AND CHARGINOS 

In split SUSY, gaugino-pair production goes through Drell-Yan-like process via 7, Z, or 
W s-channel exchange diagrams. Specifically, we study the production of 

q + q-*x°i+xl q + q^xT + Xj, q + q — + x° r (31) 

For simplicity we introduce the following notation: 

2 

IMM = ^ D x = -„ * (32) 

s s — m x + tmxi- x 
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FIG. 5: Radiative decay branching ratio of X3 ~~ X?7 as a function of <J>^ (in unit of tt) for 
M x = 200 GeV and tan/3 = 10. Three cases for |/i| = 180, 200, 220 GeV are shown. One 
additional line (dotted) of tan/3 = 50 and \fi\ = 220 GeV is also shown. 
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FIG. 6: Radiative decay branching ratios for \% an d X3 with Mi = 200 GeV and tan j3 = 10. The 
<& M is set at n, i.e., negative \i. Note that BR(x[j — ► X27) * s ver y c l° se to 0. 



1(3 



where mj denotes the mass of xl or xl an d X — Z,W. 
The helicity amplitude for neutralino-pair production is 

,2 



T {qq - = j E ^ [«(?)7/A«(?)l K^h^/Mx?)] , (33) 



where a, (3 = L, R and (nn) in the superscript of Q^g denote neutralino pair production. 

in) j 

*/3 



The four generalized bilinear charges Q^g are 



(nn)y _ Ag q ^nnZ 
b W L W 

Here the chiral couplings of the quark q with the Z boson are given by 

9r = SwQq, g\ = {Ti) L ~ SwQ q , (35) 

where (T| )l is the third component of the isospin and Q q is the electric charge of the quark 
q. The helicity amplitude for chargino pair production is 

T {qq - Xixf) = J E QiC S J [mi,P a <q)\ WTh^^)} , (36) 

where the bilinear charges are given by 

Finally, the helicity amplitude for chargino-neutralino associated production is 



T (du - xrxS) = y E [e(«)7^a«(d)] [«(XD7 M ^(X?)] • (38) 



2 



where the bilinear charges are 



At parton level, the differential cross sections in the center-of-mass (cm.) frame for the 
above three channels have a common expression 

da _ 1 1 ™ 2 Al/2 (4Q) 



dcos#* 7V r <S 2s 



x 



{1 - (fug - /i„) 2 + A cos 2 6*} Q[ ] + l v /77-77-Q^ + 2\ l ' 2 Ql ] cos 6* 
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where 9* is the scattering angle in the parton rest frame, A = A(l, fiig, fj,jg), Nc is the color 
factor of q, S is the symmetric factor (S = 2 for xlxl production) and 9* is the scattering 
angle in the cm. frame. The Q{ 3 2 3 are combinations of bilinear charges given by 

e? = ll\QS R \ 2 +\Q^\ 2 +\Q l i L \ 2 + \Q^\ 2 }, (4i) 

Ql 3 = \[\Ql R \ 2 + \Ql 3 L \ 2 -m L \ 2 -\Ql 3 H\ 2 ], 

where the production channel of (nn), (cc) or (cn) in the superscript is omitted. 

In Fig. [7[ we show the production cross sections for X3 a t the LHC versus negative 
and positive \i with \M\\ = 200 GeV and tan/3 = 10, including X3X1, X3X25 X3X1 1 an d 
x\X\- Here we consider only the CP-conserving case = vr,0). It is clear that the cross 
section is in general larger in the region ~ Mi, because this is region where the Bino and 
Higgsino mix strongly. This is also the favored parameter space for the Bino-Higgsino dark 
matter (5, 11, 3|. Away from the peak the cross sections in general decrease as the mixing 
between the Bino and the Higgsino becomes less; in particular, as \y\ decreases from the 
mixing region (Mi ~ /i) the Xi an d X2 become Higgsino-like while X3 becomes Bino-like, 
and so the production of X3 with Xi 2 an d xf a ^ decrease rapidly. 

The inclusive cross section for X3 is of the order of 0(0.1 — 0.2) pb for Mi = 200 GeV. We 
have also calculated that for M x = 100 GeV and maintaining the gaugino mass unification 
condition, the inclusive cross section for X3 is as large as 0(1 — 5) pb, while the cross section 
goes down to about 0.05 pb for Mi = 300 GeV. Since we are interested in the radiative 
decay of xi, which could have a branching ratio as large as 0(1)%, the number of single 
photon plus fi T events at the LHC is of the order of O(10 3 - 5 • 10 3 ), O(100 - 200), and 
O(50) for Mi = 100,200,300 GeV, respectively. The next-to-leading order (NLO) SUSY 
corrections to gaugino pair production have been performed The K factor is about 

1.1 — 1.4 depending on SUSY parameters. Since these SUSY corrections would not affect 
significantly the photon momentum or missing energy distributions, we just note that the 
event rates can be enhanced by up to about 40% due to NLO corrections. 

Here we present the differential cross section versus the transverse momentum of the 
single-photon and versus the missing transverse momentum. We adopt a simple two-body 
decay of the third neutralino into the lightest neutralino and the photon, without taking into 
account the spin correlation, which should only be a mild effect. We also assume the decay is 
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FIG. 7: Production cross sections for X3 at the LHC versus (a) negative and (b) positive [i with 
Mi = 200 GeV and tan ,3 = 10. 



prompt, because the decay width of X3 is of the order of MeV. The contributing production 
channels include X3X21 X3X1; an d xljXi 1 ; We include all of these production channels to 
account for inclusive x*s production. We focus on the radiative decay of X3 ~* Xi7j which 
has a branching ratio of the order of 1% in the region ~ M\. The charginos can decay 
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FIG. 8: Differential cross section versus the transverse momentum of the photon for the process 
PP ->• xi + X -► x?7 + X. We set M x = 200 GeV, fi = -220 GeV, and BR= 1.68%. 

into the neutralino and a virtual W boson, which further goes into qq' or £b>£. Therefore, the 
final state consists of an isolated single-photon with or without charged leptons or jets, plus 
missing energies. We are primarily interested in the photon and missing energy distributions, 
which are shown in Fig. |H]and Fig. El respectively. 

Here we give a brief discussion on possible backgrounds. An irreducible background 
comes from the SM production of ^Z followed by Z — > vv, as well as reducible background 
coming from quark fragmentation into a photon. Photon isolation and large fa cuts should 
be able to suppress the quark fragmentation background. The 7Z background, on average, 
has a smaller missing energy than the signal, because very often in the signal there are two 
missing neutralino LSP's. Furthermore, a large portion of the signal will have a charged 
lepton or jets coming from the associated chargino decay that one can tag so as to remove 
the 7Z background. Therefore, with the above mentioned cuts, tagging, and isolations, the 
signal of an isolated single-photon plus missing energy signature should be rather clean. 
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FIG. 9: Differential cross section versus the missing transverse momentum for the process pp — > 
X° + X -> x?7 + X. We set M 1 = 200 GeV, fx = -220 GeV, and BR= 1.68%. 

V. CONCLUSIONS 

We note that the single-photon plus missing energy signal is a possible sign of split SUSY, 
but not a unique feature. For example, gauge-mediated SUSY breaking (GMSB) models 
often predict various signals consisting of single- or multi-photon plus multiple leptons and 
jets, and missing energy. Split SUSY has to be established by gluino production, decay, 
and detection, and also with neutralino and chargino production and decay. One has to 
determine the sfermion mass scale and the \x parameter by simultaneously measuring the 
production and the decay properties of gauginos. One can use the mass spectrum and the 
photon energy spectrum to differentiate between split SUSY and GMSB models. We have 
shown that in general the Xs ~ * Xil has a branching ratio of the order of 1%, and the 
photon energy spectrum depends on the mass difference. On the other hand, in the GMSB 
models when the NLSP is a neutralino, the branching ratio into a photon and a gravitino is 
dominant. Therefore, the frequency of multi-photon plus missing energy events is very high. 
Also, the photon energy spectrum depends on the mass of the lightest neutralino only. 

In summary, we have studied the decays and productions of neutralinos and charginos 
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at hadron colliders in the scenario of split SUSY. The decays of neutralinos are particularly 
interesting because the sfermions are so heavy that only the decays via ZW, WW, and 
hS*> are possible, among which the radiative decay could have a branching ratio as large as 
0(1)%, unlike the case of MSSM. We have found that xl ~ * Xil has a sufficiently large 
branching ratio when ~ Mi such that isolated single-photon plus missing energy events 
may be accessible in the LHC experiments. We argued that such events are rather clean and 
would be signs of split supersymmetry. Furthermore, counting the event rates will also give 
a measurement on the radiative decay branching ratio so that it gives information about the 
parameters of split SUSY. 
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APPENDIX A: COUPLINGS OF NEUTRALINOS AND CHARGINOS 

All the couplings of supersymmetric fermions, neutralinos and charginos, to gauge bosons 
or Higgs bosons are expressed by QHj X ■ Here /(/') = c in the superscript denotes the 
chargino, /(/') = n denotes the neutralino, X = Z* 1 , W* 1 , h°, H ± , G ± , and a = L, R in the 
subscript is the chirality of the fermions. The G ± is the Goldstone boson absorbed by 
boson. In our notation, negatively charged chargino is assigned to be a particle such that 
its electric charge Q^± is —1. 

The specific expressions for the Xi~Xj~^ couplings are 

3 1 3 1 

QTn = S w-- A -- A cos 2< ^ > Qmi = s w-i~i cos 2 ^ 

Q c lu = sin 20 L , Q- z 2 = -I e -^"^ sin 20 fl , 

3 1 3 1 

Q C L22 = «W - 4 + 4 COS 2< t>L , QR22 = SW ~ 4 + 4 COS 2(j) R . 

The XrX.'j-Z couplings are 

QYg= 3 \ (Ai) 
22 



where Q R ^ = —(Quf)*- Neutral couplings of Xi-X°j-h°, where h° is the light CP-even Higgs 
boson, are divided into % — j and i ^ j cases, by using Majorana conditions: 



- [N i2 - t w Nn] [- sin aN i3 - cos a>N i4 } , 



Qlt = ^[m-twN^i-smaN^-cosaN;, 
where Q£g = t w = tan6 w and 



tana 



— m A cos P - m z sin (5 
(m\ + m|) sin j3 cos (3 



The Xi couplings are 



-icnW 



Q%? = {U L )ixN* 2 + -y=(U L ) i2 N* 3 , Q- w = (U R ) a N j2 - —(U R ) l2 N j4 
The charged couplings to H ± are 



Q 



Sg = cos (3 



Qr5 = sin/5 



(U L ) kl N j3 - ^4^(N j2 + t w N n ) 



V2 



Finally we have the Xi -X°fG + couplings of 



(A2) 
(A3) 



(A4) 



(A5) 



(A6) 



QaS = Qakj (sin/3 ► cos/3, cos p - sin P) 



(A7) 
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